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The costs associated with the production and maintenance of colour patches is thought to 29 
maintain their honesty. Although considerable research on sexual selection has focused on 30 
structurally coloured plumage ornaments, the proximate mechanisms of their potential 31 
condition-dependence, and thus their honesty, is rarely addressed, particularly in an 32 
experimental context. Blue tit (Cyanistes caeruleus) nestlings have UV-blue structurally 33 
coloured tail feathers, providing a unique opportunity for investigation of the causes of 34 
variation in their colour. Here, we examined the influence of early growing conditions on 35 
reflectance and structural properties of UV-blue coloured tail feathers of blue tit nestlings. We 36 
applied a two-stage brood size manipulation to determine which stage of development more 37 
strongly impacts the quality of tail feather colouration and microstructure. We used small 38 
angle X-ray scattering (SAXS) and electron microscopy to characterize nano- and micro-scale 39 
structure of tail feather barbs. Nestlings from the broods enlarged at a later stage of growth 40 
showed a sex-specific rectrix development delay, with males being more sensitive to this 41 
manipulation. Contrary to predictions, treatment affected neither the quality of the barb’s 42 
nanostructures nor the brightness and UV chroma of feathers. However, at the micro-scale, 43 
barb’s keratin characteristics were impaired in late-enlarged broods. Our results suggest that 44 
nanostructure quality, which determines UV-blue colour in tail feathers, is not sensitive to 45 
early rearing conditions. Furthermore, availability of resources during feather growth seems 46 
to impact the quality of feather microstructure more than body condition, which is likely 47 
determined at an earlier stage of nestling growth. 48 
 49 
Introduction 50 
Birds are among the most vividly coloured animals, with conspicuous plumage produced by 51 
wavelength-specific absorption of pigments deposited in the feathers, by interaction of light 52 
with nanometer-scale structures inside feather barbs or barbules, or by combination of these 53 
two mechanisms (Prum et al. 1998, Prum 2006, Stavenga et al. 2011, Tinbergen et al. 2013, 54 
Shawkey and D’Alba 2017). Avian colouration can have numerous functions, from 55 
concealment via cryptic plumage or mimicry to advertising the quality of an individual 56 
(reviewed in Bortolotti 2006). In this lattermost context, colour displays may function as 57 
signals in mate choice, competition between individuals of the same sex, or parent-offspring 58 
communication. However, an important prerequisite of such signalling is signal honesty, 59 
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which prevents cheating by lower-quality individuals. According to the condition capture 60 
models, the honesty of the signals in the colour patches is ensured by the costs associated with 61 
its production and/or maintenance (Zahavi 1977, Grafen 1990). This implies that only 62 
individuals in the best condition are able to express and bear the highest quality colour 63 
ornaments. For the case of sexually selected traits, another prediction that stems from those 64 
models is heightened condition-dependence of colour ornaments in males (reviewed in Cotton 65 
et al. 2004).   66 
Despite being built on a firm theoretical framework (Pomiankowski 1987, Grafen 1990), 67 
empirical support from well-designed experiments for the condition-dependence model of 68 
colour ornaments is still very scarce (Cotton et al. 2004). One notable exception is carotenoid-69 
based colouration, which is unusual in that it cannot be synthesised de novo by birds 70 
(McGraw 2006).  71 
The underrepresentation of studies investigating condition dependence is especially striking in 72 
the case of structurally-coloured ornaments, which – being particularly visually conspicuous – 73 
are often the subject of research on sexual selection. Leaving aside white, achromatic feathers 74 
(where the colour is produced by even scattering of all wavelengths), bright structural colours 75 
are generated by coherent light scattering by keratin nanostructures and melanosomes (Prum 76 
et al. 1998, Prum 2006, Wilts et al. 2014, Igic et al. 2016). Such colouration can be divided 77 
into iridescent colouration, generated by laminar or crystal-like nanostructures located in the 78 
feather barbules, and matte, non-iridescent colouration produced by quasi-ordered spongy-79 
like keratin nanostructures inside the barbs (Prum and Torres 2003). The honesty of 80 
structurally-coloured ornaments is thought to be ensured by the costs of keratin and melanin 81 
pigment production (Meadows et al., 2012).  However, recent histological studies suggested 82 
that the growth of spongy nanostructure involves few to no metabolic costs (Shawkey et al. 83 
2006, Prum et al. 2009). To our knowledge, there are no experimental studies examining the 84 
proximate mechanisms of condition-dependence of nanostructures, and only a few previous 85 
studies addressing relationships between structure and colour variation in general: for 86 
iridescent colour in the satin bowerbird (Ptilonorhynchus violaceus, Doucet et al., 2006) and 87 
for non-iridescent colour in the bluebird (Sialia sialis, Shawkey et al., 2003, 2005) the blue tit 88 
(Cyanistes caeruleus, Hegyi et al. 2018), and in nine species of fairy-wren (Malurus spp.; Fan 89 
et al. 2019).  90 
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The timing of physiological impacts on feather colour and quality are also unstudied. Some 91 
evidence comes from studies on feather renewal processes. The quality of feathers is sensitive 92 
to perturbations or stressors during moult in adult birds (e.g. Griggio et al. 2009, Vagasi et al. 93 
2012), and juvenile feathers produced during energetically demanding period of nestlings’ 94 
growth are even more sensitive to early rearing conditions (Tschirren et al. 2003, Jacot and 95 
Kempenaers 2007). During the first days of a nestlings’ life, the majority of nutrients are 96 
invested in rapid growth and intensive metabolic processes, but also in feather follicle 97 
formation. After the feather pins are visible, the internal barb cells continue to mature, so 98 
processes important for the development of colour producing structures occur while the 99 
feather is growing (Prum 2009). Thus, the question of how early growing conditions affect 100 
structural coloration of juvenile feathers can be complemented with a further question: which 101 
stage of a nestlings’ growth is most important in this process. 102 
Here, we used an experimental brood size manipulation to investigate the influence of early 103 
rearing conditions on non-iridescent structural colouration of blue tit nestlings. The blue tit is 104 
a widespread cavity-nester that readily breeds in nest-boxes, simplifying the monitoring of 105 
nestlings. More importantly, it has contrasting, conspicuous plumage. These features make it 106 
a particularly suitable model species for studying colouration in birds. Experimental studies 107 
are facilitated by the fact that juvenile blue tits express UV/blue, non-iridescent structural 108 
colouration in the tail feathers (Figure 1), with greater expression levels in males (Johnsen et 109 
al. 2003). Furthermore, in contrast to the breast feathers that are replaced during the 110 
postjuvenile moult, most tail feathers are moulted only after the first breeding season, which 111 
means they may play a signalling function both in parent-offspring communication and – 112 
beyond the nestling period – in mate choice. Consequently, variation in this particular 113 
ornamented trait may be subjected to different selection pressures (Jacot and Kempenaers 114 
2007). Both breast and tail colouration of blue tit nestlings were shown to be condition 115 
dependent in correlational (Johnsen et al. 2003) and experimental (Jacot and Kempenaers 116 
2007) studies, but only the latter study showed a sex-specific effect on rectrices structural 117 
colouration. A very recent quantitative genetics study, besides finding low heritability of tail 118 
structural colouration, surprisingly, showed that, at a genetic level, UV chroma of rectrices is 119 
negatively related to the proxies of a bird’s performance: body mass, wing length and cell-120 
mediated immunity (Class et al. 2019).  121 
In this study, we used a two-stage brood size manipulation design, with nests enlarged either 122 
at an early or late stage of nestlings’ growth. Brood size manipulation has been repeatedly 123 
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shown to affect nestlings’ traits, including body mass, tarsus length, condition, immune 124 
response and colouration (e.g. Cichoń and Dubiec 2005, Jacot and Kempenaers 2007). Here, 125 
as a criterion for dividing the development of chicks into two phases, we determined that pins 126 
of tail feathers begin to appear on the skin surface around the 6th day after hatching. Among 127 
the early enlarged nests, one group was reduced back to the original brood size in the second 128 
stage of nestlings’ growth, while the other remained enlarged. This experimental design 129 
allows us to discriminate at which stage of nestlings’ growth greater within-nest competition 130 
more strongly influences the developing plumage. We predicted that impaired early growth 131 
conditions should negatively influence barbs’ micro-scale morphology and thus their 132 
brightness and UV chroma. We predicted that this effect would be stronger in nestlings from 133 
early-enlarged broods, compared to the late-enlarged and control broods. Furthermore, given 134 
the sex-specific condition-dependence of tail feathers colouration found by Jacot and 135 
Kempenaers (2007), we predicted that the internal structure of male feathers would be 136 
significantly different from that of females, and more sensitive to deterioration of early 137 
development conditions compared to females.  138 
Materials and methods 139 
Field study 140 
The study was conducted over two field seasons: 2017 and 2018, in a nest-box population of 141 
blue tits (Cyanistes caeruleus), inhabiting the island of Gotland (Sweden, 57°01'N 18°16'E). 142 
The study area is covered with fields and meadows, having patches of deciduous and mixed 143 
forests, dominated by oak, Quercus robur L. and ash, Fraxinus excelsior L., with an 144 
admixture of hawthorn, Crataegus spp L. and hazel, Corylus avellana L. (see Pärt & 145 
Gustafsson 1989 for more detailed description). In this population hatching date may vary 146 
between mid-May to the beginning of June, the incubation period lasts two weeks and the 147 
majority of nestlings from one nest hatch during a single day, although some degree of 148 
hatching asynchrony is observed. Nestlings are fed mainly with caterpillars, less often with 149 
mosquitos or spiders and fledge 18-22 days after hatching (Drobniak et al. 2014). 150 
From the end of April, we regularly inspected nest-boxes to track the nest-building process, 151 
assess the number of eggs and the beginning of the incubation period. During the incubation, 152 
females were not disturbed until the expected hatching date. On the second day after hatching 153 
we weighed nestlings, marked them by nail clipping and took a small blood sample from the 154 
tarsal vein. On the 8th day after hatching, we ringed and on the 14th weighed, and measured 155 
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the tarsus length of nestlings. On day 18, we collected the second right rectrix from each 156 
nestling. We regressed the body mass at day 14 against the tarsus length to obtain a measure 157 
of mass independent of body size. Further in this manuscript we refer to it as ‘residual mass’ 158 
(in other studies this metric is also called body condition e.g. in Jacot and Kempenaers 2007).  159 
Experimental protocol and sampling 160 
To manipulate nestlings’ rearing conditions we performed a two-stage brood size 161 
manipulation experiment, with three types of enlarged broods (Figure 2). In the “Early1” 162 
group, the brood size was enlarged at day 2 and left without further manipulation until 163 
fledging. The second group “Early2” was enlarged at day 2, but donor nestlings were 164 
removed at day 6 and transferred to nests from the third group “Late”. The fourth group was 165 
not manipulated and constituted a control (“Ctrl”). Nests for the experiment were chosen to 166 
create blocks of four nests with matched hatching date (±1 day) and number of nestlings (±1 167 
egg), plus one donor nest (not considered in further analyses) with the same hatching date. 168 
Both “Early1” and “Early2” groups were enlarged by three randomly chosen chicks from the 169 
donor nest. At day 6, when donor nestlings from the group “Early2” were relocated to the 170 
group “Late”, we visited the nests from the remaining groups as well, to keep the disturbance 171 
level equal. We had 6 experimental blocks with a total of 214 nestlings in the first breeding 172 
season and in the following season 5 blocks, with 206 nestlings in total (see Table S1 for 173 
exact numbers of nestlings in each experimental group). 174 
Feather morphology and colouration 175 
We measured the total length of plucked tail feathers samples (distance from feather tip to the 176 
end of the calamus) and the length of the feather sheath of rectrices with a digital calliper to 177 
the nearest 0.1 mm. To estimate the degree of feather development, we divided the length of 178 
erupted part of feather by the total feather length (hereafter referred to as “development 179 
coefficient”).  180 
Feather reflectance measurements were performed using an Ocean Optics Maya Flame 181 
spectrophotometer (Dunedin, FL, USA) with bifurcated probe 7 × 400μm and a xenon pulsed 182 
light source. On each rectrix, we made 10 reflectance measurements along the outer (the most 183 
brightly coloured) vane. Obtained spectra were averaged, smoothed and further analysed 184 
using the package pavo (Maia et al. 2013) in R (version 3.1.2). For spectral analysis we 185 
calculated set of reflectance-based colour metrics, among which we chose for further analysis: 186 
brightness (total reflectance), UV chroma and red chroma calculated respectively, as the sum 187 
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of reflectance values of regions from 300 nm to 400 nm and  605 nm to 700 nm, divided by 188 
the total reflectance in the given region (Maia et al. 2013). 189 
Molecular sex assessment  190 
DNA was extracted from blood samples stored in 96% ethanol, using Chelex (Bio-Rad, 191 
Munich, Germany) following the manufacturer’s protocol (Walsh et al. 1991). Sexing was 192 
performed following a well-established PCR-based method (R. Griffiths, M. C. Double, K. 193 
Orr 1998). 194 
Scanning Electron Microscopy (SEM) 195 
To compare the internal microstructure morphology of the feather barbs we used scanning 196 
electron microscopy (SEM). The order of the nests for SEM preparations was generated 197 
randomly and from each experimental nest we randomly chose (by drawing envelopes with 198 
samples) 3 nestlings for SEM rectrix preparations. Donor nestlings (in groups Early1 and 199 
Late) and feathers with erupted parts shorter than 1 cm were excluded from the analysis. After 200 
removing 2-3 mm of the distal tip of a feather, a fragment of the rectrix outer vane was sliced 201 
perpendicularly to the barbs, so that the cut-out fragment contained 6 -11 barbs cross-sections. 202 
The sectioned fragment was mounted on a graphite block covered with carbon adhesive tape 203 
and sputter coated with gold. Samples were viewed on a cold field emission Scanning 204 
Electron Microscope (SEM) HITACHI S-4700 at magnifications x1300 and x5000. From 205 
each feather, three cross-sections were chosen, excluding the outermost, the one closest to the 206 
vane, as well as the ones that were crushed, damaged or contaminated by visible debris. Using 207 
the ImageJ software (Rasband 2004), we measured the following characteristics of the barb’s 208 
microstructure (Figure 4.B): height and width of a cross-section, number and area of air 209 
cavities, the area of the medullary part, the cortex area, the total area, total number of 210 
melanosomes and melanosome density (D’Alba et al. 2014). 211 
Small angle X-ray scattering (SAXS) 212 
In many previous studies (since the early work of Dyck 1971) feather nanostructures were 213 
analysed with transmission electron microscopy (TEM), which gives very precise, high 214 
quality images. However, due to the time-consuming preparation and the probability of 215 
sample shrinkage this method has some limitation in quantitative studies on bigger sample 216 
sizes (Saranathan et al. 2012). Instead, we used small angle X-ray scattering (SAXS) to 217 
quantitatively characterize the length-scales of the nanostructures present in the barbs 218 
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(Saranathan et al. 2012, Parnell et al. 2015). SAXS analysis allows us to predict the 219 
interaction between the incident light and the nanostructure of analysed sample, and therefore 220 
predict the optical properties of the feather (Saranathan et al. 2012). In subsequent analysis, 221 
we used the following metrics: maximum peak height, peak position, and full-width at half-222 
maximum of the peak (further referred to as FWHM). Maximum peak height relates to the 223 
intensity of the scattering of nanostructures and SAXS peak position (in the q domain) is 224 
inversely proportional to the wavelength position of the peak reflectance. The FWHM value is 225 
a measure of the nanostructure size distribution (short-range quasi-periodic order). Narrow 226 
structural peaks with a smaller FWHM mean more defined nanostructure whilst higher values 227 
of FWHM indicate a larger spread in length-scales, and thus a broader optical reflectance 228 
peak meaning less saturated colours (Saranathan et al. 2012). 229 
The SAXS measurements were performed on a subset of tail feathers from the 2017 season. 230 
We excluded samples from donor nestlings and underdeveloped or poor-quality feather 231 
samples, which eventually resulted in a sample size of 166 individuals, with equal numbers in 232 
experimental groups (χ2 = 0.48, df = 3, p = 0.92). SAXS measurements were carried out using 233 
a Xeuss 2.0 (Xenocs, Grenoble France) SAXS system, with a liquid gallium X-ray source 234 
(MetalJet Excillum, Sweden). The feather samples were mounted in an aluminium frame and 235 
the measurements were taken from the region of outer vane, located 5 mm below the distal tip 236 
of the feather. The X-ray beam (9.24 keV) diameter was 300 µm vertically and 250 µm 237 
horizontally, with a distance of 6.5 m between sample and detector (Pilatus3R 1M 2D, 238 
Dectris, Switzerland). Each individual feather sample was measured for a period of 180 239 
seconds, with the data being processed using the software Foxtrot 3.3 (Soleil, France), the 240 
detector images were masked to account for the detector gridlines and hot pixels, the image 241 
was then radially integrated to give the scattered intensity as a function of the scattering 242 
wave-vector q (Saranathan et al. 2012). The structural peak from the optical nanostructure in 243 
the feathers was measured using the SAXS scattering curve transformed into the Lorentz 244 
corrected Iq2 versus q form, and the structural peak was fitted using a Lorentz peak function.  245 
Statistical analysis 246 
The overall sample size, after excluding all donor nestlings, comprised 420 birds, from 44 247 
experimental nests (Table S1), equally distributed between experimental groups (χ2 = 0.057, 248 
df = 3, p = 0.996). Due to nestlings fledging before sampling of tail feathers (two whole nests 249 
in 2018 and numerous individual cases) or inadequate quality of collected samples, the 250 
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sample size for feather colouration was reduced to 334. The sex was assigned for 375 251 
nestlings, with equal sex ratio, confirmed by a Chi-square test (χ2 = 0.45, df = 1, p = 0.502). 252 
To test for differences in the survival rate between experimental groups, a generalized linear 253 
mixed model with a binomial error was applied with fledging success introduced as the 254 
dependent variable, experimental group as a fixed factor and nest as a random term. The 255 
effects of experimental treatment on nestlings’ residual body mass, tarsus length, tail feather 256 
development, colouration, microstructure and nanostructure characteristics, were analysed 257 
using a general linear mixed effect model. The models included experimental treatment, 258 
nestling sex and year as fixed explanatory variables and nest of rearing defined as a random 259 
term. In all analyses we first tested for the interaction between experimental treatment and sex 260 
of the nestlings, but wherever this interaction was not significant it was removed from the 261 
models. 262 
Since some of the characteristics obtained from SEM images might be interdependent, a 263 
principal component analysis (PCA) was used to summarize barb microstructure variables. 264 
We extracted the first two principal components explaining 59.95% and 18.43 % of variance, 265 
respectively, which were used as dependent variables in further analysis (see Figure 6 for 266 
biplot of PC1 and PC2). PC1 had very strong negative loadings for total area of cross-section 267 
(-0.97) and area of medullary part (-0.96), medium negative loadings for the rest of keratin-268 
based variables  (Table S2), and medium (-0.63) and low (-0.25) loading respectively for, the 269 
number and density of melanosomes. Thus, PC1 described the size and internal structure of 270 
barbules, with higher values of PC1 signifying thinner, flatter barbules with less cortex and 271 
medullar keratin. PC2 described mainly variation in melanin-based component with negative 272 
factor loading for number and density of melanosomes (-0.76 and -0.95; Table S2). Thus, PC2 273 
could be interpreted as a melanosome scarcity parameter: higher values indicating lower 274 
numbers of melanosomes. The first two PC components were further used as dependent 275 
variables in subsequent analysis. In those two models, to account for potential differences 276 
between the cross-section resulting from the distance from the rachis, the numbered order of a 277 
cross-section was introduced as an additional explanatory variable in the analysis. Because we 278 
analysed three cross-sections per individual, the individual identity was introduced as another 279 
random term. All analyses were performed in R using the ‘lme4’ and ‘lmerTest’ packages for 280 




Nestlings body mass, tarsus length and fledging success 283 
Experimental treatment negatively affected nestlings residual body mass at day 14 in the 284 
Early1 group and positively in Early 2 group (Table 1). Tarsus length was not affected by 285 
experimental manipulation in any of the groups (Table 1). For both residual mass and tarsus 286 
length, the interaction between experimental treatment and nestlings sex was not significant in 287 
any of the groups. There was no difference in nestlings fledging success between 288 
experimental groups (data not shown) and the average fledging success was 87.17%. 289 
Tail feathers development and colouration 290 
Tail feathers were significantly shorter in chicks of enlarged broods, and this effect was more 291 
marked among males. (Table 1, Figure 3.C). This pattern was even stronger for the rectrix 292 
coefficient of development, where interaction with sex appeared significant also in the Early2 293 
group, with the same effect direction (Table 1). Contrary to predictions, colour metrics of tail 294 
feathers were not significantly affected by experimental manipulation (Table 2, Table S3). 295 
However, there was a close-to significant trend of lower UV chroma in the “Late” group. 296 
Independently of experimental manipulation, UV chroma was significantly higher in males 297 
(Table 2.B, Figure 5.A), while red chroma was higher in females (Table S3.) The mean and 298 
standard deviation values of nestling mass, tarsus length, tail feather parameters and colour 299 
metrics, averaged within experimental group and sex are given in Table S4.A and S5.A, 300 
respectively. 301 
Micro- and nano-structure characteristics of tail feathers  302 
SEM images of barb’s rami cross-sections revealed a medullary area consisting of dead 303 
keratinocytes containing channel-type ß-keratin spongy nanostructure with interspersed 304 
melanosomes and centrally located air cavities (Figure 4.A). Nestlings from late enlarged 305 
broods had smaller diameters of barb’s keratin morphological elements (PC1, Table 3, Figure 306 
S1.A), while other groups did not differ from the control. Number and density of 307 
melanosomes (PC2) did not differ between groups (Table 3, Figure S1.B). In both models 308 
with PC components, there were differences between sexes, with males having wider and 309 
thicker barbs, larger medullary area, more air vacuoles, and tended to have more 310 
melanosomes relative to female chicks (Table 3). The means and standard deviations of tail 311 
feather barb cross-section microstructure variables, averaged within experimental group or 312 
sex are given in Tables S4.B and S5.B, respectively. 313 
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None of the quantitative SAXS metrics (maximum peak height, peak position, nor FWHM) 314 
were affected by experimental manipulation (Table 4), however for the FWHM, the estimate 315 
in the Late group was an order of magnitude higher than in both early enlarged groups. The 316 
interaction between experimental treatment and sex of the nestlings was not significant in any 317 
of the models, though there were significant differences in all three SAXS metrics between 318 
males and females (Figure 5.B and C). This means that male keratin nanostructure generate 319 
shorter-wavelength reflectance peaks (according to the position of the SAXS peak in q space), 320 
have stronger scattering keratin nanostructures (according to the intensity of the SAXS 321 
scattering) and – most importantly – are characterised by more regular structure than females 322 
(according to the FWHM parameter) (Table 4). The means and standard deviations of tail 323 
feather of Small angle X-ray scattering (SAXS) metrics, averaged within experimental group 324 
or sex are given in Tables S4.C and S5.C, respectively. 325 
Discussion 326 
The experimental treatment significantly affected residual body mass in both of the early 327 
enlarged groups, however, only in the group that remained enlarged was the effect negative as 328 
predicted (Table2, Figure 3.A). Nestlings from the “Early2” group, with broods enlarged only 329 
during the first days of early growth, unexpectedly turned out to be heavier, and this effect 330 
was consistent for both experimental seasons. Late enlargement of the brood did not change 331 
nestlings’ body mass. However, interestingly, in this group we observed a sex specific rectrix 332 
development delay, with males being more sensitive to the experimental manipulation than 333 
females (Table2, Figure 3.C). An analogous pattern, but with smaller effect size, was present 334 
in the “Early2” group. Therefore, the effect of the experimental manipulation on the 335 
parameters connected with general condition was different for each of the experimental 336 
groups. 337 
Contrary to predictions, neither brightness, nor UV chroma of tail feathers was affected in any 338 
of the experimental groups. The only detectable tendency was a non-significant decrease of 339 
UV chroma in the “Late” group, with an estimated similar order of magnitude as the increase 340 
in UV chroma in males relative to females. Accordingly, in the study with brood size 341 
manipulation of Jacot and Kemepenaers (2007) blue tit nestlings from enlarged nests did not 342 
differ from the controls with regard to brightness and UV chroma of tail feathers. However, in 343 
their study, males raised in reduced broods developed feathers with higher UV chroma. This 344 
sex-specific effect was hypothesised to be the result of early-acting sexual selection, as tail 345 
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feathers are not replaced during post-juvenile moult, and this was hypothesised to play a 346 
signalling role in mate choice during the first breeding season (Jacot and Kemepenaers 2007, 347 
Class et al. 2019, Badass et al. 2020). Interestingly, in a brood size manipulation experiment 348 
on eastern bluebirds (Sialia sialis), structurally coloured wing feathers were also shown to be 349 
brighter in male nestlings from reduced broods, compared to those from enlarged broods, 350 
while no analogous effect was found in females (Siefferman and Hill 2007). In accordance 351 
with our results, manipulation of early rearing conditions did not change feathers’ UV 352 
chroma, although in both cases it was significantly higher in males. It seems important that in 353 
the above published studies, observed effects appeared for males in reduced broods, i.e. in 354 
improved early growing conditions, while brood size enlargement did not produce a 355 
symmetrical negative effect. It is possible that in our study the colour difference was obscured 356 
by the difficulty of accurately measuring the colour of very thin and narrow outer vanes of 357 
freshly developed nestling rectrices. Thus, we have tried to explore possible underlying colour 358 
moderators, looking at the nano- and micro-scale characteristics of the assayed feathers. 359 
In non-iridescent UV-blue feather colour, hue and UV chroma in particular, depend on the 360 
arrangement of nano-scale keratin structures in the medullary part of the feather barb (Prum 361 
1998, Shawkey et al. 2005). We found significant sex differences, with males having higher 362 
values of all three SAXS metrics (Figure 5.B and C). Most importantly, males exhibited 363 
higher q value centred peaks, which indicates smaller short-range quasi-periodic order of 364 
nanostructure (Saranathan et al. 2012), and hence shorter wavelength of peak reflectance 365 
(shifted towards UV), which explains dichromatism in UV chroma. These results emphasize 366 
that the SAXS method detects patterns complementary to spectrophotometric predictions, 367 
even in relatively thin, finely coloured and freshly developed feathers such as those used in 368 
our study. Nevertheless, contrary to predictions, we found no differences in the SAXS 369 
morphometrics between experimental groups. Perhaps this low sensitivity of spongy structure 370 
to manipulated early growing conditions, might be explained by the likelihood that 371 
nanostructures in the medullary cells are produced via self-assembly in a process called 372 
spinodal decomposition that does not require significant energy input or, limiting nutrients 373 
(Prum et al. 2009).  374 
However, other microstructural elements of barb morphology and their characteristics are also 375 
critical to the mechanism of colour production (Fan et al. 2019). At the micro-scale we found 376 
that barb characteristics were impaired in late-enlarged broods. Width of barb cross-section, 377 
total area, medullary area, vacuoles number and area all decreased, while the density of 378 
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melanosomes was not affected (although we noted a very close to significant trend of lower 379 
melanosome numbers in the “Late” group, Table 3). This is only a partial confirmation of our 380 
expectations, because we predicted an analogous, but more strongly pronounced, effect in 381 
both early enlarged groups.  We must note that SEM imaging is not an optimal method for 382 
measuring melanosomes density (due to low contrast, making discrimination between 383 
morphological features difficult) and we treat this parameter more as an approximation than 384 
an exact value. However, the pattern we obtained for group “Late” shows some similarity to 385 
D’Alba et al. (2014), examining condition dependence of melanin-based colouration in zebra 386 
finches (Taeniopygia guttata) exposed to unpredictable food supply during development and 387 
black-capped chickadees (Poecile atricapillus) affected by avian keratin disorder. In both 388 
cases, the density of melanosomes did not differ between control and experimental groups, 389 
while barbule density (keratin component) was consistently higher in controls (D’Alba et al. 390 
2014). This can be explained by the fact that melanin is endogenously synthesised (McGraw 391 
2006), and currently there is no evidence that would indicate that it is expensive to produce.  392 
We predicted that the negative effect of impaired early growth conditions on feather structure 393 
and colouration would be more pronounced in nestlings from early-enlarged broods, 394 
compared to late-enlarged and control broods. However, in terms of feather development and 395 
microstructure, the most sensitive to manipulation was the “Late” group. This suggests that 396 
the current availability of resources has a greater effect on feather development than current 397 
body condition, which could be determined at earlier stage of nestling growth. Previous 398 
experimental studies, with accelerated moult rate in adult birds, demonstrated that feather 399 
quality is sensitive to perturbations during feather development (e.g. Griggio et al. 2009, 400 
Vagasi et al. 2012).  On the other hand, it is also possible that the smaller barb diameters were 401 
caused by the slowdown of tail feather development, as feathers from this group were also 402 
shown to be shorter. Our sampling (18th day) took place before the completion of the bottom 403 
feather portion growth, thus we have no data on the final achieved tail feather length. 404 
Unfortunately, sampling of young birds in the period between the fledging and the next 405 
breeding season is virtually impossible. 406 
We predicted that feather structure would differ between males and females, and that males 407 
would be more sensitive to the manipulation of early growing conditions. Indeed, sex 408 
differences were present at all levels of feather structure: from the length of rectrices, through 409 
the micro-scale parameters of barbs, to the nanoscale characteristics, described by SAXS 410 
metrics. However, feather colour did not vary in relation to brood enlargement.  Within the 411 
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optical properties, we found that beside the UV region, with reflectance higher in males, 412 
significant differences are also present at long-wavelengths, except that in this region higher 413 
reflectance occurs in females. According to Fan et al. (2019), reflectance at long wavelengths 414 
might depend on the spatial frequency and thickness of spongy layer and cortex. Perhaps then, 415 
higher reflectance in the long-wavelength region in females results from the larger 416 
nanostructure of the spongy structures in females feathers (as suggested by the larger values 417 
of both SAXS peak position and FHWM in females, Saranathan et al. 2012). To a certain 418 
extent, reflectance at long wavelengths might be also affected by the density of melanosomes, 419 
which is higher in males, however, absorption properties of melanin decline with increasing 420 
wavelength (Xiao et al. 2018), therefore this factor may have only a limited effect. 421 
Finally, nestlings from the “Early2” group (where broods were enlarged during first days of 422 
development, but reduced at day 6) had higher residual body mass, consistently in both of the 423 
study seasons. This unexpected result suggests that the amount of parental investment might 424 
be fixed at a very early stage of offspring development. Alternatively, the first stage of 425 
nestling development might be less costly for parents – but in this scenario, the negative effect 426 
of similar strength in the “Late” group as in “Early1”, but this was not the case. We suggest a 427 
potential future study with similar experimental design, but controlling for parental effort 428 
(feeding frequency, quality of food brought to nest), is needed. 429 
To conclude, our results suggest that, contrary to carotenoid-based colouration (which in tits 430 
was proposed to be largely determined by the amount of carotenoids deposited to egg yolk 431 
and the feeding during the first six days (Fitza et al. 2003)), feathers with structural 432 
colouration are more sensitive to conditions experienced during feather growth in the later 433 
phases of nesting period. We demonstrated that the quality of the spongy ß–keratin 434 
nanostructure in the blue tit tail feather’s barbs does not appear to be sensitive to early rearing 435 
conditions. However, other keratin components of  barb morphology, like the medullary layer 436 
area in a barb or the number of air vacuoles seem to be more sensitive to perturbation during 437 
early development. To our knowledge, this is the first experimental study were SAXS and 438 
SEM analysis were applied to quantitatively examine the quality of structural colouration, and 439 
the first study that looked at inter-sexual differences in these parameters. Future studies 440 
should focus on elucidating the mechanism mediating condition-dependence and sexual 441 
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 596 
Tables 597 
Table 1. Results of the linear mixed models showing effects of experimental double-stage 598 
brood size manipulation on nestlings residual mass, tarsus length and development of tail 599 
feathers. The model included experimental group, year and sex as fixed factors and nest of 600 
rearing as a random term. Reference levels for fixed effects: exp. group – CONTROL; sex – 601 
female; year – 2017. 602 
Estimate SE df t p 
Residual mass       
Intercept 959.606 317.040 37.270 3.027 0.004 ** 
Exp. group (EARLY1) -0.592 0.220 36.453 -2.695 0.011 * 
Exp. group (EARLY2) 0.620 0.227 37.122 2.735 0.010 ** 
Exp. group (LATE) -0.111 0.220 36.328 -0.507 0.615  
Sex (Male) 0.080 0.064 326.759 1.247 0.213  
Year (2018) -0.476 0.157 37.269 -3.027 0.004 ** 
Tarsus length 
Intercept -359.151 312.465 36.686 -1.149 0.258  
Exp. group (EARLY1) -0.305 0.217 36.315 -1.404 0.169  
Exp. group (EARLY2) -0.027 0.224 36.757 -0.121 0.904  
Exp. group (LATE) 0.011 0.217 36.270 0.051 0.960  
Sex (Male) 0.441 0.041 320.401 10.722 p<0.001 *** 




3682.806 2272.514 36.632 -1.621 0.114 
Exp. group (EARLY1) -1.441 1.636 38.911 -0.881 0.384 
Exp. group (EARLY2) 2.608 1.594 39.073 1.636 0.110 
Exp. group (LATE) 1.118 1.586 38.378 0.705 0.485 
Sex (Male) 1.734 0.503 277.039 3.448 0.001 *** 
Year (2018) 1.841 1.126 36.632 1.634 0.111 
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Exp. group (EARLY1) : Sex (Male) -0.522 0.764 277.776 -0.683 0.495 
Exp. group (EARLY2) : Sex (Male) -1.068 0.745 278.773 -1.433 0.153 




4180.363 2238.893 34.091 -1.867 0.071 
Exp. group (EARLY1) -1.028 1.625 39.528 -0.633 0.531 
Exp. group (EARLY2) 1.870 1.583 39.665 1.181 0.245 
Exp. group (LATE) 0.934 1.574 38.866 0.594 0.556 
Sex (Male) 1.035 0.559 276.369 1.851 0.065 
Year (2018) 2.081 1.110 34.090 1.875 0.069 
Exp. group (EARLY1) : Sex (Male) -0.485 0.846 277.314 -0.573 0.567 
Exp. group (EARLY2) : Sex (Male) -1.413 0.825 278.476 -1.712 0.088 
Exp. group  (LATE): Sex (Male) -2.629 0.791 277.086 -3.323 0.001 ** 
Rectrix coefficient 
Intercept -75.919 42.454 32.647 -1.788 0.083 
Exp. group (EARLY1) 0.013 0.031 41.803 0.408 0.686 
Exp. group (EARLY2) 0.037 0.031 41.768 1.191 0.240 
Exp. group (LATE) 0.035 0.030 40.738 1.149 0.257 
Sex (Male) 0.023 0.013 279.388 1.757 0.080 
Year (2018) 0.038 0.021 32.646 1.801 0.081 
Exp. group (EARLY1) : Sex (Male) -0.026 0.020 280.739 -1.282 0.201 
Exp. group (EARLY2) : Sex (Male) -0.044 0.020 282.234 -2.220 0.027 * 
Exp. group  (LATE): Sex (Male) -0.070 0.019 280.502 -3.670 p<0.001 *** 
 603 
Table 2. Results of the linear mixed models showing effects of experimental double-stage 604 
brood size manipulation on nestlings tail feathers colour metrics. The model included 605 
experimental group and the sex as fixed factors and the nest of rearing as a random term.  606 
Reference levels for fixed effects: exp. group – CONTROL; sex – female; year – 2017. 607 
Estimate SE df t p 
Brightness 
Intercept 586303.900 317823.780 35.420 1.845 0.074 
Exp. group (EARLY1) 34.340 222.260 35.490 0.155 0.878 
Exp. group (EARLY2) -132.230 217.350 35.950 -0.608 0.547 
Exp. group (LATE) -97.610 213.620 33.960 -0.457 0.651 
Sex (Male) -78.510 68.390 273.470 -1.148 0.252 
Year (2018) -288.290 157.540 35.420 -1.830 0.076 
UV chroma 
Intercept 5.592 8.554 32.680 0.654 0.518 
Exp. group (EARLY1) 0.001 0.006 32.710 0.139 0.890 
Exp. group (EARLY2) -0.001 0.006 33.140 -0.090 0.929 
Exp. group (LATE) -0.009 0.006 31.300 -1.544 0.133 
Sex (Male) 0.015 0.002 271.300 8.120 p<0.001 *** 




Table 3. Results of the linear mixed models showing effects of experimental double-stage 609 
brood size manipulation on tail feather barb cross-section microstructure characteristics, 610 
expressed as the PC components. Reference levels for fixed effects: exp. group – CONTROL; 611 
sex – female; year – 2017; cross-section – 2. 612 
Estimate SE df t p 
PC1 
Intercept -1890.000 1057.000 34.710 -1.788 0.083 
Exp. group (EARLY1) 1.119 0.739 37.520 1.514 0.138 
Exp. group (EARLY2) 0.564 0.713 36.760 0.791 0.434 
Exp. group (LATE) 1.823 0.708 35.830 2.576 0.014 * 
Sex (Male) -1.269 0.349 101.200 -3.634 0.000 *** 
Year (2018) 0.938 0.524 34.710 1.790 0.082 
cross-section -0.371 0.031 240.500 -11.803 p<0.001 *** 
PC2 
Intercept -882.484 478.699 35.331 -1.844 0.074 
Exp. group (EARLY1) -0.443 0.333 34.745 -1.331 0.192 
Exp. group (EARLY2) -0.450 0.321 34.185 -1.404 0.169 
Exp. group (LATE) -0.539 0.316 32.712 -1.704 0.098 
Sex (Male) -0.479 0.196 106.236 -2.448 0.016 * 
Year (2018) 0.438 0.237 35.334 1.847 0.073 
cross-section -0.184 0.034 286.622 -5.351 p<0.001 *** 
 613 
Table 4. Results of the linear mixed models showing effects of experimental double-stage 614 
brood size manipulation on tail feathers nanostructure SAXS metrics. The model included 615 
experimental group and the sex as a fixed factors and the nest of rearing as a random term.  616 
Reference levels for fixed effects: exp. group – CONTROL; sex – female. 617 
 618 
Estimate SE df t p 
 maximum peak height1 
Intercept 1.076 0.143 18.953 7.545 4.02E-07 *** 
Exp. group (EARLY1) -0.240 0.208 17.617 -1.156 0.263 
Exp. group (EARLY2) -0.002 0.209 18.096 -0.012 0.991 
Exp. group (LATE) -0.270 0.199 17.846 -1.357 0.192 
Sex (Male) 0.097 0.038 126.777 2.537 0.012 * 
peak position 
Intercept 2.90E-03 4.84E-05 2.33E+01 59.975 < 2e-16 *** 
Exp. group (EARLY1) 2.80E-06 6.65E-05 1.74E+01 0.042 0.967 
Exp. group (EARLY2) 6.00E-05 6.82E-05 1.87E+01 0.88 0.39 
Exp. group (LATE) -2.32E-05 6.42E-05 1.81E+01 -0.361 0.722 
Sex (Male) 2.06E-04 2.57E-05 1.33E+02 8.033 4.58E-13 *** 
Peak FWHM       
23 
 
Intercept 3.10E-03 8.34E-05 2.24E+01 37.131  <2e-16 *** 
Exp. group (EARLY1) 3.87E-05 1.14E-04 1.62E+01 0.340 0.738  
Exp. group (EARLY2) -4.62E-05 1.17E-04 1.74E+01 -0.395 0.697  
Exp. group (LATE) 1.30E-04 1.10E-04 1.69E+01 1.186 0.252  
Sex (Male) 9.88E-05 4.65E-05 1.33E+02 2.126 0.035 * 




Figure 1. Eighteen-day old blue tit nestlings inside the nest-box. 623 
 624 




Figure 3. Differences in residual mass (A), tarsus length (B) and rectrix length (C) between 627 
experimental groups. “Early1” indicates the group in which broods were enlarged at day 2 628 
and left without further manipulation until fledging, in the group “Early2” broods were 629 
enlarged at day 2, and subsequently reduced at day 6, in the group “Late” broods were 630 
enlarged at day 6, and “Control” was the group with not manipulated broods. Black horizontal 631 
bars indicate median, whiskers indicate minimum and maximum values, dark grey and light 632 




   635 
Figure 4. A. SEM images of barb cross-section, with solid keratin cortex (C), spongy keratin 636 
nanostructure (SK), air vacuoles (V), melanosomes (M) and barbules (B). B. Parameters 637 
measured in the ImageJ software: height (A), width (B), area of air cavities (C), medullary 638 








Figure 5.A Averaged reflectance spectra of blue tit nestlings tail feather’s outer vane. Blue 643 
and red lines indicate, respectively male and female mean reflectance, whilst the grey shading 644 
indicates standard error. Example SAXS data (B) and Lorentz corrected SAXS data (C) 645 
curves of blue tit nestlings tail feather’s outer vane, of ten randomly chosen individuals. 646 
Males and females are marked with a blue and red, respectively. Alphanumeric codes 647 
represent individual nest-boxes and three last digits their ring numbers. 648 
 649 
 650 
Figure 6. PCA biplot of 352 nestlings tail feathers barb’s cross-sections, using all micro-scale 651 
characteristics’ variables, explained by the two principal component axes, with variables 652 
categorized to either keratin or melanin cluster and divided into four experimental groups. 653 
 654 
 655 
 656 
 657 
 658 
